The availability of highly sensitive substrates is critical for the development of precise and rapid assays for detecting changes in glutathione S-transferase (GST) activity that are associated with GST-mediated metabolism of insecticides. In this study, six pyrethroid-like compounds were synthesized and characterized as substrates for insect and mammalian GSTs. All of the substrates were esters composed of the same alcohol moiety, 7-hydroxy-4-methylcoumarin, and acid moieties that structurally mimic some commonly used pyrethroid insecticides, including cypermethrin and cyhalothrin. CpGSTD1, a recombinant Delta class GST from the mosquito Culex pipiens pipiens, metabolized our pyrethroid-like substrates with both chemical and geometric preference (i.e., the cis-isomers were metabolized at 2-to 5-fold higher rates than the corresponding trans-isomers). A GST preparation from mouse liver also metabolized most of our pyrethroid-like substrates with both chemical and geometric preference but at 10-to 170-fold lower rates. CpGSTD1 and mouse GSTs metabolized 1-chloro-2,4-dinitrobenezene (CDNB), a general GST substrate, at more than 200-fold higher rates than our novel pyrethroid-like substrates. There was a 10-fold difference in the specificity constant (k cat /K M ratio) of CpGSTD1 for CDNB and those of CpGSTD1 for cis-DCVC and cis-TFMCVC, suggesting that cis-DCVC and cis-TFMCVC may be useful for the detection of GST-based metabolism of pyrethroids in mosquitoes.
the fluorescent substrates monochlorobimane [15] , ammonium 4-chloro-7-sulfobenzofurazan [16] , 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole [17] , 5-(pentafluorobenzoylamino)fluorescein [18] , and 6-chloroacetyl-2-dimethylaminonaphthalene [19] . A fluorescent assay specifically for the detection of microsomal GST activity based on the fluorescent reporter rhodamine has also been developed [20] . Chemiluminescent substrates based on sulfonate esters are also available for use in high-throughput GST assays [21, 22] . In this study, six esters ( Fig. 1) were designed for the detection of GST activity. Our ester compounds are all composed of the same alcohol moiety, 7-hydroxy-4-methylcoumarin. The acid moieties of our ester compounds mimic some commonly used pyrethroid insecticides, including permethrin and bifenthrin (type I pyrethroids) and cypermethrin and cyhalothrin (type II pyrethroids). Because our compounds are esters, they have potential dual function for the detection of GST and esterase activities.
Pyrethroid insecticides are widely used to control pest insects of agriculture and insects that vector human and veterinary diseases [23] . Unfortunately, resistance to pyrethroid insecticides is found in numerous insects, including disease vector mosquitoes and agriculturally important caterpillars. Target site insensitivity and the elevation of detoxification enzymes (i.e., carboxylesterases and oxidases) are currently considered the primary mechanisms of pyrethroid resistance [9, 23, 24] . The functional role of GSTs in pyrethroid resistance, however, has not been well studied, in part because of the lack of acceptably selective and inexpensive high-throughput activity assays that target GST activity associated with pyrethroid metabolism. The pyrethroid-like fluorescent substrates developed in this study will potentially lead to a new generation of rapid and highly sensitive assays for the detection of elevated GST activity associated with resistance to pyrethroid insecticides.
Materials and methods

General procedure for preparation of pyrethroid-like esters
Each pyrethroid-like ester was generated by slowly adding the appropriate acid chloride (10.5 mmol) and 4-methylmorpholine (10.5 mmol) to an ice-cooled solution of 7-hydroxy-4-methylcoumarin (10 mmol) in anhydrous CH 2 Cl 2 (20 ml). The reaction was allowed to slowly warm to room temperature and continuously stirred overnight. The reaction mixture was then washed with a saturated NaCl solution and extracted three times (20 ml/ extraction) with ethyl acetate. The combined organic phase was dried with MgSO 4 . A crude solid product was obtained after filtration and evaporation under reduced pressure. The crude product was purified by column chromatography using silica gel (32- 63 lm, Dynamic Adsorbents, Norcross, GA, USA) using a mobile phase of hexanes/ethyl acetate (9:1). The yield of each pyrethroid-like ester was between 85% and 92%.
Structural characterization of the synthesized compounds
Structural identification was based on both 1 H NMR (nuclear magnetic resonance) and GC/MS (gas chromatography/mass spectrometry) analyses. Proton NMR spectra were acquired from a Mercury 300 spectrometer (Varian, Palo Alto, CA, USA). Chemical shift values are represented in ppm downfield from an internal standard (trimethylsilane). Signal multiplicities are represented as singlet (s), doublet (d), double doublet (dd), triplet (t), quartet (q), quintet (quint), multiplet (m), broad (br), and broad singlet (brs). Melting points were determined on a Uni-Melt apparatus (Thomas Scientific, Swedesborogh, NJ, USA) and are uncorrected. Chemical purity of the final products was supported by the spectral analysis described above. A sharp melting point and a single spot by TLC (thin layer chromatography, 250-lm silica gel F254 plates using a solvent system of hexanes/ethyl acetate, 4:1) when detected at a wavelength of 254 nm and lack of a 7-hydroxy-4-methylcoumarin signal when detected at a wavelength of 360 nm were taken as additional indications of purity. The characteristics of our six compounds are given below. Chemical structures of the pyrethroid-like ester compounds generated and studied in this study. TMC, 4-methyl-2-oxo-2H-chromen-6-yl, 2,2,3,3-tetramethylcyclopropanecarboxylate; DMVC, 4-methyl-2-oxo-2H-chromen-6-yl, cis/trans-2,2-dimethyl-3-(2-methylprop-1-enyl)cyclopropanecarboxylate; cis-DCVC, 4-methyl-2-oxo-2H-chromen-6-yl, cis-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate; trans-DCVC, 4-methyl-2-oxo-2H-chromen-6-yl, trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecarboxylate;
cis-TFMCVC, Preparation of recombinant mosquito and mouse GSTs and confirmation of GST activity CpGSTD1, a recombinant Delta class GST [25] from the pyrethroid-resistant mosquito Culex pipiens pipiens L. from Marin, California [26] , was expressed in BL21Pro cells (Clontech Laboratories, Mountain View, CA, USA) and purified using GSH agarose (Sigma-Aldrich, St. Louis, MO, USA) as described previously [25, 27] . Murine cytosolic GSTs were isolated from the livers of four 8-week-old C57BL/6 mice (Charles River Laboratories International, Wilmington, MA, USA), each with a mass of 22 to 25 g. The liver of each mouse was removed immediately after sacrifice and frozen. For GST extraction, the frozen livers were allowed to quickly thaw in a water bath at room temperature and then homogenized on ice in 100 mM sodium phosphate buffer (pH 7.4) by multiple 20-s pulses of a Polytron homogenizer (Brinkmann Instruments, Westbury, NY, USA) set at a speed of 7. The homogenate was centrifuged at 12,000g for 20 min, and the supernatant was subjected to affinity purification using GSH agarose as described previously [27] . The purity of the recombinant mosquito and mouse GSTs was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separation using 10% Nu PAGE Bis-Tris gels (Invitrogen, Carlsbad, CA, USA) and NuPAGE Mops SDS running buffer (Invitrogen), followed by staining with Simply Blue SafeStain (Invitrogen) following the manufacturer's protocol. The GST activity of the mosquito and murine protein preparations was confirmed with the general GST substrates CDNB and DCNB as described previously [25] . The presence of esterase activity in the protein preparations was investigated using q-nitrophenyl acetate (q-NPA) as described previously [28, 29] and by the use of an esterase inhibitor as described below.
Standard fluorescent GST assay
The ability of the recombinant mosquito and mouse GSTs to metabolize the pyrethroid-like esters ( Fig. 1 ) was determined in a 200-ll assay in the wells of a black, flat-bottom, 96-well plate (Greiner Bio-One, Monroe, NC, USA) at 34°C. Formation of 7-hydroxy-4-methyl coumarin, a metabolite of our pyrethroid-like ester compounds, was measured by spectrophotometry with an excitation wavelength of 330 nm and an emission wavelength of 460 nm with monitoring at 27-s intervals for 10 min using a SpectraMax M2 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Each reaction contained GST (720 ng of CpGSTD1 or 1400 ng of murine GSTs), 50 lM fluorescent substrate, 750 lM GSH, and 0.5% (v/v) di(ethylgylcerol)ethyl ether (DEGEE) in 90 mM sodium phosphate buffer (pH 7.4). The reaction mixture was preincubated at 34°C for 10 min with shaking (for 3 s) at 27-s intervals prior to the addition of the substrate. Each assay was performed in quadruplicate wells of the same 96-well plate. Quadruplicate wells containing buffer only, buffer plus GSH (750 lM), or buffer plus GST protein (720 or 1400 ng as appropriate) were included on each plate as controls. GST-dependent activity was calculated by subtracting the background activity in control wells containing only GSH from the activity in wells containing GST enzyme and GSH. The potential presence of esterases in the GST preparations was tested by the addition of the esterase inhibitor 3-octylthio-1,1,1-trifluoropropan-2-one (OTFP) [30] to the standard GST assay (these assays also contained 0.5% dimethyl sulfoxide [DMSO] ). The OTFP (1 lM final concentration) was incubated with the enzyme for 10 min at 34°C prior to the addition of substrate.
Determination of kinetic constants of the fluorescent substrates with CpGSTD1
V max and Michaelis constant (K m ) values were determined with CpGSTD1 and six concentrations each of cis-DCVC, trans-DCVC, cis-TFMCVC, or 1R trans-TFMCVC by linear regression analysis using the SigmaPlot Enzyme Kinetics Module 1.1 (Systat Software, San Jose, CA, USA). The k cat values of CpGSTD1 were determined using an estimated molecular weight of 23,777 Da. For these experiments, the standard fluorescent GST described above was modified so that each 200-ll reaction contained 184 ng of CpGSTD1, various concentrations of the above-mentioned four substrates (1, 2, 3.9, 7.8, 15.6, or 31.2 lM), 750 lM GSH, and 2% (v/v) DEGEE in 90 mM sodium phosphate buffer (pH 7.4). For each substrate and substrate concentration, control wells containing everything but CpGSTD1 were used to determine background hydrolysis levels.
Effect of GSH and protein concentrations on the metabolism of cis-DCVC by CpGSTD1
For the experiments to determine the effect of GSH concentration on the metabolism of cis-DCVC, the standard fluorescent GST assay described above was modified so that each 200-ll reaction 
Inhibition of CpGSTD1 by bivalent GST inhibitor
The median inhibitory concentration (IC 50 ) of the GST inhibitor bivalent GST inhibitor (EA-Asp-Gly-AMAB-Gly-Asp-EA, where EA is ethacrynic acid and AMAB is 3,5-aminomethylbenzoic acid amide) [31] was determined using the standard fluorescent GST assay described above so that each 200-ll reaction contained 720 ng of CpGSTD1, various concentrations of the inhibitor (0, 3, 6.1, 12.2 The mobile phase (flow rate of 0.4 ml min À1 ) began at 0% solvent B for 5 min and then was linearly increased to 100% solvent B over 27 min and then run in solvent B for 7 min, and finally returned to 0% solvent B over 1 min. The injection volume was 10 ll, and the samples were kept at 4°C in an autosampler. GS conjugates were detected by positive mode ESI time-of-flight (TOF) mass spectrometry in full scan mode (m/z 100-1500 Da) using a Micromass LCT Mass Spectrometer (Waters). The flow rate of the nitrogen gas was fixed at 30 L h À1 for the cone gas flow and 950 L h À1 for the desolvation gas flow. ESI was performed with a capillary voltage set at 2700 V and an extractor fixed at 2.0 V. The source and desolvation temperatures were set at 110 and 300°C, respectively.
Results
Specific activity of CpGSTD1 and mouse GSTs toward the pyrethroidlike fluorescent substrates
The purity of TMC, cis-DCVC, trans-DCVC, cis-TFMCVC, and 1R trans-TFMCVC was estimated to be greater than 98% on the basis of 1 H NMR, TLC, and GC/MS analyses. On the basis of these analyses, DMVC appeared to be a mixture of cis-and trans-isomers (45% cis-DMVC and 55% trans-DMVC). CpGSTD1 selectively metabolized all six of these pyrethroid-like esters with specific activities that ranged from approximately 10 to 230 nmol min À1 mg À1 (Table 1) . CpGSTD1 metabolized the cis-isomers of DCVC and TFMCVC at approximately 2-to 5-fold faster rates than their corresponding trans-isomers. CpGSTD1 showed up to 20-fold lower specific activity for TMC and DMVC in comparison with DCVC and TMCVC. The mouse GST preparation also appeared to show significantly lower specific activity (1-4 nmol min À1 mg
À1
) with both the cis-and trans-isomers of DCVC and TFMCVC, and no detectable metabolism of TMC and DMVC ( Table 1 ). The mouse GST preparation also showed no apparent geometric preference for DCVC, but it metabolized the trans-isomer of TFMCVC at 2.9-fold faster rates than the corresponding cis-isomer. Because the mouse GST preparation likely contained multiple GST isoforms, it is possible that one or more of these isoforms possesses significantly higher specific activity for these substrates.
Several lines of evidence showed that the metabolism of our pyrethroid-like substrates was CpGSTD1 specific and not due to esterase contamination in the protein preparation. First, the CpGSTD1 preparation showed no detectable activity toward the general esterase substrates q-NPA under the same reaction conditions that were tested with the pyrethroid-like ester compounds. Second, the CpGSTD1 preparation was not inhibited by OTFP, a potent inhibitor of general esterases, at concentrations of up to 1 lM.
It was, however, inhibited by a selective bivalent GST inhibitor with an IC 50 of 34.4 ± 4.8 nM. Third, the ability of CpGSTD1 to metabolize cis-DCVC was dependent on GSH concentration (Fig. 2) , and there was an excellent correlation (r 2 = 0.981) between the protein concentration of the CpGSTD1 preparation (within a range of 0-188 ng/200 ll) and activity (Fig. 3) . In addition, when 1.2 lg of the CpGSTD1 preparation was separated by SDS-PAGE, only a single band of approximately 24 kDa was visible following staining (see Fig. S1 in Supplementary material). 
Enzyme kinetic analysis of CpGSTD1 with the pyrethroid-like fluorescent substrates
CpGSTD1 metabolized the cis-and trans-isomers of DCVC and TFMCVC with maximum velocity (V max ) values in the range of 50 to 490 nmol min À1 mg À1 ( Table 2 ). The V max of CpGSTD1 for the cis-isomers of both DCVC and TFMCVC were 3-and 9-fold higher, respectively, than the corresponding trans-isomers. In contrast to the pyrethroid-like fluorescent substrates, CpGSTD1 metabolized CDNB and DCNB with significantly higher (209-and 5-fold, respectively) V max values of 102,000 and 2320 nmol min À1 mg
À1
, respectively (Table 2 ). These higher rates, however, required relatively high substrate concentrations, as indicated by significantly higher K M values (up to 140-fold) ( Table 2 ). The turnover (k cat ) of all the pyrethroid-like substrates was very slow (Table 2 ). In a manner consistent with the specific activity data of CpGSTD1 (Table 1) , the specific activity constants (k cat /K M ratio) of CpGSTD1 for cis-DCVC and cis-TFMCVC were 2-and 5-fold higher, respectively, in comparison with the corresponding trans-isomer.
Analysis of metabolites of the pyrethroid-like fluorescent substrates
Following the incubation of CpGSTD1 with each of our pyrethroid-like substrates under our standard fluorescent GST assay conditions, LC/MS ESI + analysis indicated that the mass (m/z) of the GS conjugates of DMVC, cis-/trans-DCVC, and cis-/1R trans-TFMCVC were 458, 498, and 532, respectively (Fig. 4) . A direct correlation was found between the results of the LC/MS ESI + analysis and the metabolic activity of CpGSTD1 for our pyrethroid-like fluorescent substrates. In a manner consistent with the specific activity results, there was no detectable metabolism of TMC on the basis of a mass spectra scan for a molecular mass (m/z) of 432, which is the putative mass of the GS conjugation of TMC.
Discussion
In this study, six ester-containing pyrethroid-like fluorescent substrates were developed for the detection of GST activity. The acid moieties of four of our substrates (cis-/trans-DCVC and cis-/1R trans-TFMCVC) were designed to mimic the commonly used type I pyrethroid insecticides permethrin and bifenthrin, respectively, and the type II pyrethroids cypermethrin and cyhalothrin, respectively. The insect GST appeared to metabolize these substrates at significantly higher rates than the mouse GST preparation. However, the mouse GST preparation was made from whole livers and likely contained multiple GST isoforms. Thus, it is possible that one of these isoforms, if purified, could metabolize our substrates with specific activity that is equal to or higher than that of CpGSTD1. On the basis of specific activity values, CpGSTD1 showed the following preference for our pyrethroid-like substrates: cis-TFMCVC > cis-DCVC > trans-DCVC > 1R trans-TFMCVC > DMVC > TMC. The mouse GSTs, on the other hand, showed no detectable metabolism of DMVC and TMC (a mimic of uncommon pyrethroid) and very little chemical or geometric preference for the other pyrethroid-like substrates.
There are at least three possible metabolic fates of our pyrethroid-like esters following metabolism by GST (Fig. 5) . Mechanistically, these potential metabolic pathways take advantage of the fact that the alcohol moiety (i.e., 7-hydroxy-4-methylcoumarin) that is found in all of our fluorescent substrates is a very good leaving group. In our first proposed pathway, GST catalyzes the dehalogenation of our pyrethroid-like substrates in a manner similar to that of hexachlorobutadiene [32] . If this occurs, an intermediate conjugate with a mass of 638 should have been detected by LC/ MS ESI + . The mass profiles of the GS conjugates from our pyrethroid-like esters, however, suggested that this type of mechanism does not occur. In our second proposed pathway, GST adds GSH by a Michael addition reaction to the electrophilic (halogen-attached) carbon of the vinyl group of our pyrethroid-like substrates; this will cause the second carbon of the vinyl group to become nucleophilic. This second carbon will then be potentially close enough to the carbonyl of the ester to initiate a nucleophilic attack so that a GS conjugate is formed and 7-hydroxy-4-methylcoumarin is released. Finally, in our third proposed pathway, GST catalyzes the thiolysis of our pyrethroid-like substrates as they do with the q-NPA [2] [3] [4] ; this reaction will also form a GS conjugate and release 7-hydroxy-4-methylcoumarin. The mass of the GS conjugate from both the second and third potential mechanisms should be identical, and both proposed mechanisms will result in the release of 7-hydroxy-4-methylcoumarin. To exclude one of these potential mechanisms, we attempted to purify the potential GS conjugate for further structural characterization. Both of the GS conjugate structures, however, appeared to be unstable and our purification efforts were unsuccessful.
Synthetic pyrethroids are highly insect-selective insecticides that do not accumulate in the environment and have a half-century track record of safe and effective use. The occurrence of pyrethroid resistance, however, is an ongoing problem that requires appropriate management and tools for detection so that the effective use of these compounds can be continued. Numerous studies show that GST activity and/or gst gene expression levels are quantitatively in- Table 2 Enzyme kinetic properties of CpGSTD1 with pyrethroid-like fluorescent and spectrophotometric substrates.
cis-DCVC 298 ± 13. creased in pyrethroid-resistant insects [25, [33] [34] [35] [36] [37] [38] . These studies generally suggest that the role of GST in insecticide resistance is as an antioxidant defense agent or binding protein [33, 36, 37] . In contrast, monooxygenases and esterases have been shown to play direct roles in pyrethroid resistance by metabolizing pyrethroids [39] [40] [41] [42] [43] . There is, however, one example of the direct metabolism of the pyrethroid tetramethrin by a noninsect GST [44] . The ability to quickly, accurately, and quantitatively detect target site mutations and elevated levels of pyrethroid detoxification enzymes is a critical component of the continued effective use of pyrethroids. We hope to develop our pyrethroid-like substrates, in particular cis-TFMCVC and cis-DCVC, for use in simple fluorescent assays to detect elevated levels of GST and/or esterase activity that may be associated with resistance to permethrin/cypermethrin and bifenthrin/cyhalothrin and other commonly used synthetic pyrethroids.
